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Abstract 

Considerable efforts that have been undertaken in the recent years 
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, in low energy antineutrino experiments require further systematic in- 

' vestigations in line of reactor antineutrino spectroscopy as a metro- 

. logical basis of these experiments. We consider some effects asso- 

' ciated with the non-equilibrium of reactor z7g-radiation and residual 

I ' z7g-emission from spent reactor fuel in contemporary u^, experiments. 
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Introduction 

^ I In the past decade revolutionary progress in the low-energy antineutrino 

\ detection technique has been made. Unprecedented improvements in sensi- 

tivity, precision and low-background detection of small energy deposition at 
reactor experiments required exact knowledge of the non-equilibrium reactor 
z7g-spectrum, see e.g. overview [1]. Recent registration of the geoneutrinos 
with KamLAND [2] in the relatively big reactor antineutrino flux calls for 
further accurate studies of the reactor z7g-spectrum. 

We consider some effects associated with the non-equilibrium behavior of 
reactor i/g-radiation during operating and shutdown periods and z7g-emission 
from spent nuclear fuel stored near reactor on the following z7g experiments 
and projects: 

(i) Searches for neutrino magnetic moment. 
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(ii) Sensitive searches of the mixing angle ^13 in oscillation experiments. 

(iii) Observation of U- and Th antineutrinos from the Earth. 

1 Non-equilibrium reactor antineutrino 
spectrum 

1.1. We consider here the widespread pressurized light water power reactors 
(PWR), which operate for 11 months, followed by shutdown of 1 month for 
replacing 1/3 of the spent nuclear fuel, which is kept for some years in water 
spent fuel pool (SFP) near the reactor. The average relative fuel composition 
of a reactor core is (in fissions for fissile isotopes) : 

as = 0.58 for ^^^U, ag = 0.30 for ^^^Pu, 

as = 0.07 for ^^^U, = 0.05 for ^^^Pu. (1) 

Reactor z7g-spectrum is broadly distributed over energies up to about 10 
MeV, with peaks at ~ 0.3 MeV. From the start of reactor, the z7g-spectrum 
begins to evolve slowly towards equilibrium; after reactor is shut down, the 
i/g-spectrum falls down for a long time. There are four sources of reactor 
z7g-spectrum evolution: (a) accumulation and decay of fission products of 
each of the four fuel isotopes (1); (b) changes of the reactor fuel composition 
caused by burn up effects; (c) beta-decay of the 239u ^^39 jyjp ^239 chain 
produced via neutron radiation capture in ^^^U; and (d) neutron captures by 
fission products. The calculation of the non-equilibrium reactor z/g-spectrum 
is presented in [3]. 

1.2. The most precision information on reactor z7g-spectrum was obtained 
for energies above the inverse beta-decay reaction threshold E^, ?a 1.8 MeV 
[4,5]: 

z7g+p^n + e+ (2) 

Conventionally used procedure of finding the reactor zero approximation 
z7g-spectrum po{E, t), in units of z7g • MeV"^ • fission"^, is known: 

Po{E,t)^^a,{t)-pi{E) (3) 
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where ai{t), T,ai{t) — 1, are the time-dependent contributions and Pq{E) are 
the time-independent energy z7g-spectra (E' > 1.8 MeV) of the fissile isotopes 
(1). For aU but ^^^U is used the ILL coUaboration converted z7g-spectra, 
which correspond to only ~ 1-day fuel irradiation time [4]. For ^^^U whose 
contribution is low calculation method is used. 

According to zero approximation, the z7g-emission for region E > 1.8 MeV 
falls down to zero within 1-day after reactor shutdown. 

We calculate corrections to the pQ{E,t), which associate with (a) long- 
lived fission products accumulation and (b) neutron captures by fission prod- 
ucts in reactor core, see Fig. la. Among long-lived fission products e.g. are: 



^^^Ce (Ti/2 = 285 d) ^^^^Pr (T1/2 = 17 m, E^^ = 2.997 MeV) 

^°6Ru (71/2 = 372 d) ^i°6Rh (71/2 = 30 s, E^^ = 3.541 MeV). (4) 

Also we calculate the residual z7g-radiation from stopped reactor and SFP, 
see Fig. lb. These corrections to the pQ{E,t) and residual z7g-radiation all 
together form an ignored non-equilibrium effect in reactor z7g-spectrum and 
can play a significant role in the contemporary neutrino experiments. 

1.3. The spectrum of reactor antineutrinos below 1.8 MeV has been 
studied in a systematic way from the middle of 1990-th [6,7,3]. The first 
data of this part of the z/g-spectrum are presented in [7]. Now we show in 
Table 1 our latest data of the i/g-spectrum p(E) at the middle of reactor 
operating period t ^ 0.5 year and for E < 3.5 MeV. We calculated the z7g- 
spectrum below 2 MeV; our results between 2 MeV and 3.5 MeV are based 
on zero approximation procedure (3) with calculated corrections (see Section 
1.2 and Fig. la). The spectrum above 3.5 MeV can be approximated by (3). 

2 Searches for the neutrino magnetic moment 

It should be recalled that the differential cross section for magnetic z7ge- 
scattering da^/dT behaves as ~ l/T, (T is recoil-electron kinetic energy), 
whereas the cross section for weak u^e- scattering da^ /dT tends to a finite 
value when T ^ 0. In order to observe the neutrino magnetic moment p^ 
at a level of 1Q~^^pb measurements ought to be performed in the region of 
T < 10 keV [1,6]. 
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Table 1: Reactor antineutrino spectrum p{E) in the middle of operating 
period (see text) for energies E < 3.5 MeV in units of (z7g • MeV"-*^ • fission"^) 
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* Evaluation of the error corric 


or (68% C] 





.6548(-l) = 0.6548 • 10"^ 



A constraint p^ < 1 x 10"^ Vs (68% CL) was derived from TEXONO 

collaboration measurements with HPGe detector ~ 1 kg in the reactor flux 
of 6 X 10^^ z/g cm^^s^"*^ [8]. Further measurements are pursued. The GEMMA 
experiment [9] with HPGe crystal of 2 kg and NESSI experiment [10] using 
a 80 kg semiconductor silicon detector aimed to reach a sensitivity of ~ 
3 X 10-^Vs- 

The relevant quantities for i/^e- scattering experiment are the folded weak 
(W) and magnetic (M) integral cross sections /W,m interval {1—T) keV: 

7W,M ^ r r da-^'^ iT, E) 

ilkeV Je^^ dT '^^ ' ' ^ ' 
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We calculated the time variations of the W- and M (/i,^ = 3 x 10^^^//b) 
z/gC- scattering effects both during reactor operating (Fig. 2a) and shutdown 
(Fig. 2b) periods. The W- and M effects increase during operating period 
~ 1 day -7- 1 year reach about 20%, typical residual W- and M effects during 
shutdown period are from 5% to 20%. They are associated with the non- 
equilibrium of reactor z7g-spectrum and should be taken into account. 



3 Sensitive measurement of the mixing 
angle i^is 



CHOOZ collaboration used one spectrometer stationed at ~ 1 km from reac- 
tor (s) and measured positron spectrum and rate of reaction (2) and obtained 
the upper limit of 'di^ [11]: 



For radical increasing of this constraint an idea of one reactor — two iden- 
tical detectors (near and far) was proposed [12] and elaborated [13]. The near 
detector measures z/g-spectrum, while the far detector looks for a deformation 
of this spectrum due to oscillations. Searches for the oscillation parameters 
are based on an analysis of small deviations of the ratio of positron spectra 
in the far and near detectors from the constant value. The results of this 
purely relative method are independent of the exact knowledge of reactor 
power, z7g-spectrum, burn up effects . . . However even for this simple layout, 
see Fig. 3, a distortion ~ 1.5% can be induced by z7g-radiation from SFP, see 



Now several projects (D-CHOOZ, Braidwood, KASKA et al.) are con- 
sidered with some number reactors (from 2 to 7) and detectors. For these 
complicated layouts it must be taken into account both SFP and residual 
reactor z7g- radiations and corrections to the po{E,t), (see Fig. la,b). 

4 Observation of geoneutrinos 

Uranium and Thorium geoneutrinos are detected in a large liquid scintillation 
(CH2— ) spectrometer via reaction (2). The annihilation quanta are absorbed 
and positron energy release Eyis is related with positron kinetic energy T as: 



sin^ 2^?i3 < 0.14 (90% CL for Am^ 



2.5 X 10-2 eV^). 



(6) 



Fig. 4. 



Eyi,^T+ 1.02 (MeV) 



(7) 
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The sensitivity to geoneutrinos is limited by z/g background from nuclear 
reactors in the vicinity of the detector. The goal of this Section is to con- 
sider the role of ignored non-equilibrium effect in reactor z7g-spectrum (see 
Section 1.2) as a background in searches for geoneutrinos. 

We concentrate here on two locations: the Kamioka Laboratory (2700 
m.w.e.), where the KamLAND detector is in operation, and Baksan Ob- 
servatory (4700 m.w.e.) as a possible site for developments in geoneutrino 
physics [14]. We show expected positron spectra from geoneutrinos and from 
reactor- and SFP antineutrinos in spectrometer of 10^^ protons target (~ 1000 
ton) with 1 year exposition and efficiency e — 100%, see Fig. 5. The reactor 
effect is divided here into two parts: (a) from zero approximation z7g-emission 
(3), and (b) from ignored non-equilibrium z7g-radiation. As can you see in 
Fig. 5 ignored reactor effect is situated in the energy range of geoneutrinos 
{E^is < 2.5 MeV). 

At Baksan Observatory the ratio of reactor effect for Eyis < 2.5 MeV to 
U-|-Th geoneutrinos expected effect is ~ 1/5, whereas at Kamioka Laboratory 

is ~ 5. Ignored reactor effect at Baksan Observatory is negligible, whereas 
at Kamioka (6.4 events, our calculation) is ~ 18% of the expected U-|-Th 
geoneutrinos effect (36 events according to [15]) and approximately equal 
effect from Th geoneutrinos (7.5 events [15]). 

Conclusion 

We have calculated residiial /7g-emission from stopped reactor and spent fuel 
pool and also found corrections to conventionally used reactor z7g-spectrum. 
It has been shown that these usually ignored features in reactor i7g-emission 
can play a significant role in planning and analyzing neutrino experiments. 
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Fig. 1. Ignored Vg -radiation of the PWR-reactor and Spent Fuel Pool: 

(a) Solid line is the ratio of the reactor Vg -spectrum p to the zero 
approximation reactor Vg -spectrum po in the middle of the 1-year 
operating cycle. Dashed lines correspond to Vg ' s from fission products 
accumulation and neutron capture in fission products in the reactor core. 

(b) Solid line is the ratio of the spent fuel pool Vg -spectrum to the 
reactor Vg -spectrum. Dashed lines are the ratios of the reactor Vg- 
spectrum during shutdown period to the reactor Vg -spectrum at the end 
of the operating cycle. 
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Fig. 2. Weak (W) and magnetic (M, |Xy=3-10 " jig) Vge -scattering 
effects in the PWR-reactor Vg-flux: 

(a) Integral crossections /^'^ for recoil electron production in the 
kinetic energy interval (1 -T) keV. Solid lines correspond to the end of 
the 1-year reactor operating period; dashed lines correspond to 1-day 
after reactor start. 

(b) Ratio of integral crossections after reactor shutdown to the 
corresponding crossections at the end of the operating period. 
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Fig. 3. Possible experimental layout. 

Lpar = 1000 m, LNear = 100 m, Lpool = 30 m 
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Fig. 4. Ratios of expected positron spectra in the far and in the near 
detectors /?far/near- Dashcd lines correspond to Am^ = 0.0025 eV^ at 
different values of sin^20 and no contribution from the spent fuel 
pool (SFP). Solid line shows contribution from the SFP in geometry 
shown in Fig. 3. 
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Fig. 5. Expected positron spectra at Baksan and KamLAND. 
Exposition 10^^ proton-year, 8 =100%, with oscillation. 



